Abstract-The conduction-band offset (CBO) of the Zn(O, S)/ Cu(In,Ga)Se 2 heterojunction can play a significant role in the performance of solar cells. The individual electron affinities and bandgaps are controlled by the oxygen-to-sulfur and gallium-toindium ratios, and the resulting offsets can range from +1.3 eV in the "spike" direction to −0.7 eV in the "cliff" direction if the full range of the two ratios is considered. The optimal CBO of near +0.3 eV can be achieved with various combinations of the two ratios. The traditional CdS emitter is near optimal for the commonly used 1.15-eV Cu(In,Ga)Se 2 (CIGS) but less optimal for higher Ga. The flexibility with Zn(O,S) emitters ranging from above 90% oxygen for CIS down to 50% oxygen for CGS allows an optimal CBO over the full gallium range. Assuming that other factors remain constant, the optimal offset should also be able to reduce the loss in cell efficiency between room temperature and temperatures more typical of field conditions by about 1% absolute.
I. INTRODUCTION
T HE use of Zn(O,S) buffer layers in place of CdS with Cu(In,Ga)Se 2 (CIGS) solar cells has been explored by many groups [1] - [3] , and several have made respectableefficiency cells [4] , [5] . At least three deposition techniques, chemical-bath deposition (CBD) [6] , atomic-layer deposition (ALD) [7] , and magnetron sputtering [8] have been successful. The primary argument for the use of Zn(O,S) is that its higher bandgap, compared with CdS, allows for greater collection of short-wavelength photons [9] - [13] . A second reason, the focus of the work reported here, is that the conduction-band offset (CBO) can be tuned to a more optimal value through modification of the oxygen-to-sulfur ratio.
The CBO can compromise solar-cell performance for two very different reasons depending on its direction. If the resulting alignment produces what is commonly referred to as a "spike," and the spike is sufficiently large, photogenerated current is blocked, and efficiency rapidly approaches zero. On the other hand, the opposite alignment, generally called a "cliff," becomes Manuscript received November 9, 2013 a problem in forward bias and may significantly increase the interfacial recombination current, hence reducing the voltage and fill factor of the solar cell [14] . By common convention, the spike direction of band alignment is taken to be positive. The optimal condition is a small positive offset [15] , [16] . Gloeckler [17] showed that range of an optimal spike at room temperature is approximately +0.1 to +0.4 eV. Thus, it follows that any given buffer layer is well matched to a CIGS absorber only over a variation of 0.3 eV in the absorber's electron affinity. For CIGS, nearly all the variation in bandgap occurs in the conduction band [18] , and hence, multiple buffer layers are necessary to cover the full 0.6-eV range in electron affinity.
CdS should be a well-matched buffer for CIGS gaps from approximately 1.05 to 1.35 eV, which spans the range of higher efficiency CIGS cells that have been reported. An important caveat, however, is that bandgap alignment is only one factor in determining a solar cell's performance. Hence, the optimal matches of Zn(O,S) and CIGS compositions calculated here implicitly assume that variations in other material properties do not overwhelm the band alignment considerations. Ultimately, of course, there will need to be an integration of all materials properties to fully explain the compositional variations in performance. where x is the Ga anion fraction. The bandgap range is from 1.01 to 1.67 eV, and since the expansion is in the conduction band, the electron affinity must decrease by the same amount, reportedly from 4.35 to 3.69 eV [18] , with a slight downward bowing in the conduction band. Fig. 1(b) shows the band variations for the Zn(O,S) system based on values determined by various groups [7] , [19] - [22] . In this case, there is significant decrease in the energy of both bands as the oxygen fraction is increased. The bandgap variation of Zn(O,S) with oxygen fraction x, taken from [21] , is approximately
II. BAND VARIATIONS
where 3.6 eV is the ZnS gap and 3.2 eV the ZnO gap. In this case, the bowing factor is quite large. The bandgap is minimum where the sulfur and oxygen concentrations are nearly equal, and it increases with either a higher or lower oxygen ratio. 
III. BAND ALIGNMENT
The CBO at the interface between Zn(O,S) and CIGS follows directly from Fig. 1 . It can range from +1.3 eV for ZnS/CIS to −0.7 eV for ZnO/CGS. A positive offset is depicted in Fig. 2(a) and a negative one in (b). Fig. 2(c) , which is dominated by the magnitude of the spike barrier, illustrates the dramatic collapse in photocurrent as the barrier increase limits current flow in forward bias. The current-voltage (J−V ) curve for a negative CBO is heavily dependent on the amount of interfacial recombination and will show reductions in the voltage and fill factor resulting from increased forward current. When CdS is used for the buffer layer with CIGS, low gallium concentrations will result in a spike and high ones in a cliff. With Zn(O,S), there is a greater range of CBO possibilities, which allows the offset to be tuned to an optimal value for any gallium concentration. Fig. 3(a) shows the conduction band offset at the Zn(O,S)/CIGS interface for varying amounts of oxygen in Zn(O,S) as a function of CIGS composition. When the buffer is pure ZnS, or has a low oxygen content, the CBO is large and positive for all absorber layers, and the resulting electron barrier is too large to allow any significant current flow. In the opposite direction, larger amounts of oxygen in the buffer layer produce a negative offset, and a fairly substantial one for high gallium concentrations. The dashed box in Fig. 3(a) highlights the ratios where the CBO is between 0 and +0.4 eV, which should include the region of optimal offset. Zn(O,S) with an O/(S+O) ratio of 0.6 should have the same electron affinity as CdS so that line would also correspond to the CBO for CdS/CIGS. Fig. 3(b) shows a contour plot of the same information so that one can track the different combinations of Zn(O,S) and CIGS that yield the same CBO.
IV. RESULTS
Reasonable input parameters for the calculations were based on [23] and were chosen to emulate an 18%-efficient CdS/CIGS cell with a modest level of Ga. Adjustment of the absorption spectra of the two layers for different bandgaps was done by shifting the energy axes of the spectra by the same amount as the bandgap shift; material parameters not directly affected by the bandgap were held constant. Silvaco software [24] was then used to calculate the one-sun room-temperature cell parameters for Zn(O,S)/CIGS: short-circuit current (J SC ), open-circuit voltage (V OC ), fill factor (FF), and conversion efficiency for the full range of oxygen and gallium ratios. An important assumption is that the carrier density of the Zn(O,S) is sufficiently high (∼10 18 cm −3 ) that the TCO/Zn(O,S) CBO does not significantly affect the height of the Zn(O,S)/CIGS spike above the Fermi level [16] .
A series of calculated J−V curves for the full range of gallium values is shown in Fig. 4 . An oxygen fraction of 0.7 was chosen, because the CBO will transition from a small spike condition to a cliff as the Ga-fraction is increased. Hence, Fig. 4 shows a systematic decrease in current, and it shows that voltage first increases but then saturates at the higher Ga-fractions that correspond to the cliff region.
Calculated values for J SC over the full range of gallium and oxygen values are shown as a contour plot in Fig. 5(a) . Over much of the oxygen range, the current decreases with increasing gallium, and hence CIGS bandgap, from about 38 to 25 mA/cm 2 . In the high CBO, or low oxygen region, however, the photocurrent is dramatically reduced due to the large spike barrier, as discussed previously. This decrease though is nearly negligible when the CBO smaller than +0.4 eV. The currents in Fig. 5(a) , and later the efficiencies, are somewhat higher than for CdS/CIGS with the same offset, because the higher bandgap of Zn(O,S) allows greater collection from short-wavelength photons. The increase over CdS buffer layers has generally been observed in the experimental references cited earlier.
The calculated values for V OC in Fig. 5(b) increase from 500 to 1200 mV as the CIGS bandgap is increased from 1.0 to 1.67 eV. Again there is an exception for the low-oxygen region, where V oc becomes meaningless, because of the extreme limitation on current. Fig. 5(b) also shows that at constant oxygen ratios of 0.6 and above, the voltage saturates as one moves into the cliff region with greater interfacial recombination. This is the voltage saturation shown with the full J−V curves in Fig. 4 . The fill-factor dependence in Fig. 5(c) also decreases when one moves away from the +0.3-eV CBO contour in either the spike or the cliff direction, as one would expect from the earlier discussion. Near the preferred CBO contour, however, the fill-factor is relatively constant at about 75% for the parameters used.
The room-temprature efficiency contour plot in Fig. 5(d) is the product of the other three. If one follows the prefered CBO contour from Fig. 3(b) with increasing gallium, the efficiency increases by several percent from pure CIS, then changes very little over a broad plateau, and then decreases slightly as one approaches CGS. Again, there will lower efficiency on either side of the preferred CBO contour.
Since a primary argument for a higher bandgap absorber is a lower temperature coefficient for voltage and efficiency, the calculations were repeated for a temperature of 60
• C, and the higher temperature efficiency contours are shown in Fig. 6(a) . The primary change is in the cell voltage, which decreases with increasing temperature at approximately −2 mV/K, which means a smaller percentage increase at higher volatages generated by higher gallium and bandgap. The fill factor at higher temperature weakly tracks the voltage decrease, and the current is essentially unchanged. The efficiency contours in Fig. 6(a) are lower over most of the plane, except in the lower oxygen region, where a slightly higher CBO spike can be tolerated at higher temperatures. As a consequence, the white region of severely limited current is somewhat smaller. Of practical interest is the efficiency difference between higher and lower temperatures, which is shown in Fig. 6(b) . Along the preferred-CBO contour from Fig. 3(b) , the efficiency loss between 25
• C and 60 • C varies from over 2% for CIS at the left to less than 1% for CGS at the right.
V. DISCUSSION
Results from any simulation are obviously sensitive to the choice of parameters used, and it is useful to ask whether Figs. 4-6 would be significantly altered if the parameters were varied. The severe current limitation with the large spike should be relatively insensitive to the details, but a modest spike could be accentuated for the combinations of low-carrier-density and relatively thick buffer layers [16] , and the result could be distortions in the current-voltage curves that reduce the fill factor. The cliff direction is also sensitive to parameter choice, in this case the degree of interfacial recombination. If the recombination is small, the cliff will have relatively little impact on cell performance. Other parameters that primarily affect current are set by experimental considerations and do not have a direct impact on voltage and fill factor.
CIGS absorbers often have a composition grading due to gallium accumulation toward the back of the absorber or, in some cases, modest bandgap expansion at the front as well. Compositional grading is not addressed here, but the electron affinity near the buffer interface should be the relevant parameter. Another question is whether one can extend the results shown here to a similar absorber, such as CIGS alloyed with sulfur or silver, or to the kesterites. The general principles should apply, but the utility of Zn(O,S) for the buffer, and the ability to vary its electron affinity, will depend on the absorber's electron affinity and whether there is significant change in it when its alloy ratio is changed. In general, one would expect absorber alloys with anion alterations to have less change in their electron affinity than those with cation variations.
VI. CONCLUSION
The optimal band-alignment match between a Zn(O,S) buffer and CIGS absorber depends critically on the oxygen and gallium ratios. There is more flexibility with a Zn(O,S) buffer than with CdS to optimize the alignment, but because of the complex nature of how the Zn(O,S) bands vary with oxygen composition, it is more difficult to determine the optimal composition for the full range of CIGS. Calculations here show that the target oxygen composition at room temperature based on band-offset considerations alone should decrease from above 90% for CIS to approximately 50% for CGS. For CIGS with a bandgap near the optimal 1.4 eV, the Zn(O,S) buffer should have 60% to 70% oxygen. At higher temperatures, there is negligible change in the target for the oxygen ratio, but as one expects in general, the efficiency decrease is less when higher bandgap CIGS is used.
